INTRODUCTION
============

Cannabinoids are psychoactive constituents of the Cannabis plant containing over 100 C~21~ terpenophenolic active compounds[@B1]. Δ9-tetrahydrocannabinol (THC), a main psychoactive component, acts as an agonist of specific receptors, which are known as cannabinoid receptors[@B2]. Two different cannabinoid receptors, cannabinoid receptor-1 (CB1R) and cannabinoid receptor-2 (CB2R) have thus far been identified and cloned from mammalian tissue[@B3][@B4][@B5]. Cannabinoid receptors are seven-transmembrane G protein coupled receptors, that couple to G~i~-G~o~ heterotrimeric G proteins[@B6]. CB1R is typically expressed in the central nervous system (CNS), particularly the brain and spinal cord, and to a much lesser degree in peripheral nerve terminals and immune cells[@B7]. In contrast, CB2R is predominantly expressed in the immune system including B cells, T cells, macrophages, and lymph nodes[@B8]. Recent findings have clearly demonstrated that cannabinoids act through CB2R to modulate immune function[@B9]. In addition, the expression of CB2R is downregulated during B cell differentiation but highly upregulated during CD40-mediated B cell activation[@B10].

Mast cells are bone marrow-derived effector cells found in mucosal and connective tissues that have been implicated in various immune responses and allergic inflammation such as asthma, atopic dermatitis, and sinusitis[@B11]. It is well established that mast cells not only play important roles in the pathogenesis of immediate hypersensitivity and anti-infective defense, but also regulate tissue repair, tissue remodeling, and wound healing. However, the endogenous molecules or underlying physiological mechanisms modulating mast cell activation have yet to be elucidated. Recently, it was reported that palmitoylethanolamide (PEA), an endogenous cannabinoid, acts as an autacoid by inhibiting the activation of mast cells and local inflammation[@B12]. The release of inflammatory mediators was downregulated by PEA in cells of a rat basophilic leukemia cell line (RBL-2H3), expressing the CB2R protein[@B13]. RBL-2H3 cells are commonly used to study the immunoglobulin E (IgE)-Fc epsilon receptor 1 alpha (FcεRI) interaction and signal transduction involved in degranulation since they possess similar functional characteristics as mast cells[@B14][@B15]. A recent study has shown that cannabinoids inhibit mast cell activation and maturation in a CB1R-dependent manner[@B16][@B17].

In the present study, we investigated the inhibitory effects of newly synthesized CB1R agonists and other agonists such as N-arachidonoylethanolamine (anandamide, AEA) on RHL-2H3 degranulation. Our results indicate that CB1R inhibits RBL-2H3 cell activation and participates in mast cell-mediated allergic inflammation. Furthermore, we demonstrate that CB1R is involved in mast cell modulation in an oxazolone-induced atopic dermatitis mouse model. Finally, we clearly show that CB1R agonists exert inhibitory effects on mast cell-mediated inflammatory responses in both *in vitro* and *in vivo* models.

MATERIALS AND METHODS
=====================

Reagents
--------

The cannabinoid compounds AEA and Hu-308 were purchased from Tocris Bioscience (Bristol, UK). The histamine assay kit and cAMP assay kit were purchased from Cisbio Bioassay (Bedford, MA, USA). IgE anti-2,4-dinitrophenol (DNP) antibody, DNP-bovine serum albumin (BSA), forskolin, toluidine blue, and thiazolyl blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). α-oleoyl oleoylamine ethanolamine (α-OOE) and α-oleoyl oleoylamine serinol (α-OOS) were synthesized using alkylketene dimer from oleyl chloride in triethylamine, under toluene conditions at Neopharm Co., Ltd. (Daejeon, Korea).

Cell lines and culturing
------------------------

RBL-2H3 cells were purchased from the ATCC (Rockville, MD, USA) and maintained in Dulbecco\'s modified eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin under 5% CO~2~ humidified conditions at 37℃. Interleukin (IL)-3-dependent bone marrow derived-cultured mast cells (BMCMC) were derived from the femoral bone marrow cells of BALB/c mice and were maintained in DMEM with 10% heat-inactivated FBS, 50 µM 2-mercaptoethanol, 2 mM glutamine, and 20% WEHI-3-conditioned medium containing IL-3 for 4 weeks.

CB1R- or CB2R-overexpressing stable cell lines
----------------------------------------------

To establish stable cell lines expressing CBR, CHO-K1 cells were transfected with human CB1R (Cat. RC210397) and CB2R (Cat. SC118984) cDNA constructs (Origene, Rockville, MD, USA); the following day, media were replaced with F12 standard medium containing G418 (100 µg/ml) to select for stable clones. Two weeks later, single colonies were picked using an inverted light microscope and transferred to 24-well plates.

cAMP assay
----------

CB1R- or CB2R-overexpressing CHO cells (5×10^3^ cells) were seeded into 96-well plates one day prior and washed once in phosphate buffered saline (PBS). Next, the cells were incubated with serum-free F12 medium containing 10 µM forskolin and cannabinoid receptor agonists for 30 min at 37℃. Cytoplasmic cAMP was measured using the HTRF cAMP assay kit according to the manufacturer\'s protocol.

Cell viability assay and toluidine blue staining
------------------------------------------------

Cell viability assays were performed using a Cell Proliferation Kit I (MTT assay; Roche Diagnostics Corp., Indianapolis, IN, USA) according to the manufacturer\'s instructions. For toluidine blue staining, tissue sections were stained with toluidine blue working solution for 2\~3 min and then washed with distilled water. The samples were then quickly dehydrated with 95% alcohol and two washes of 100% alcohol. Next, the slides were cleared in xylene and coverslipped. Toluidine blue-stained sections were examined under an Olympus microscope (Olympus, Tokyo, Japan) and 10 different fields of each section were counted manually by the same person.

β-hexosaminidase and histamine release assay
--------------------------------------------

RBL-2H3 cells (10^6^/ml) were sensitized with a rat monoclonal anti-DNP-IgE antibody overnight. Cells were washed with PBS and pre-incubated with CB1R agonists prior to activation with either ionomycin (2 µM) or 100 ng/ml DNP-BSA antigen. β-hexosaminidase release from RBL-2H3 was measured by incubating 50 µl of the supernatant with 50 µl of p-NAG (Sigma-Aldrich, St. Louis, MO, USA) in a 96-well plate for 2 hr at 37℃. The reaction was stopped with 200 µl 0.2 M glycine (pH 10.6) and the resulting change in absorbance was read at 405 nm. Histamine release from RBL-2H3 was measured by incubating 10 µl of the supernatant with the HTRF histamine assay kit reagents according to the manufacturer\'s protocol.

Oxazolone-induced atopic dermatitis mouse model
-----------------------------------------------

The oxazolone-induced murine model with atopic dermatitis (AD) features was developed according to a previously described method[@B18]. All hairless mice (SKH-1) used in this study were kept at the animal facility of NeoPharm Co., Ltd. under specific pathogen-free conditions. According to the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8523). In order to induce atopic dermatitis-like symptoms, each group (n=10 for each) of mice was sensitized with a single topical treatment of 50 µl of oxazolone solution (1% in acetone) on both flanks. Seven days later, 60 µl of 0.1% oxazolone solution was applied on the same sites 10 times, once every other day. Following the 6th challenge, animals were randomly divided into 6 groups (non-treated, vehicle treated, 1% of α-OOE, 1% α-OOS, 1% AEA, and 0.01% dexamethasone) and each sample was topically applied on the same site with 0.1% oxazolone treatment twice a day for 9 days. The last treatment was performed two days after the last oxazolone challenge. Samples were applied 30 min after the oxazolone treatment and at least 6 hr later than the prior treatment. Skin biopsies were taken following cervical dislocation and sections obtained from formalin-fixed, paraffin-embedded tissue were stained for histological assessments.

RESULTS
=======

Newly synthesized oleic acid-based ketoamines (α-OOE and α-OOS) act as selective CB1R agonists
----------------------------------------------------------------------------------------------

To identify a CB1R functional modulator, we synthesized approximately forty lipophilic compounds (data not shown). These novel compounds were screened for the ability to modulate CB1R or CB2R ([Fig. 1](#F1){ref-type="fig"}) and two compounds were selected as CBR agonists. To investigate the effect of these compounds on CB1R and CB2R activation and inhibition, we measured cAMP levels in human CB1R- or CB2R-overexpressing CHO cells following treatment with the CBR functional modulators. As shown in [Fig. 1B](#F1){ref-type="fig"}, two compounds were identified as CB1R agonists since they reduced forskolin-induced cAMP levels in CB1R-CHO cells but did not reduce cAMP levels in CB2R-CHO cells. Of the tested compounds, α-OOE (EC~50~=24.2 µM) and α-OOS (EC~50~=26.8 µM) significantly attenuated cAMP production ([Fig. 1B](#F1){ref-type="fig"}).

Effect of synthetic CB1R agonists on the release of inflammatory mediators from RBL-2H3 cells
---------------------------------------------------------------------------------------------

To elucidate whether CB1R is implicated in mast cell modulation, degranulation was in RBL-2H3 cells using ionomycin following pretreatment with the CB1R agonists, α-OOE, α-OOS, and AEA. As shown in [Fig. 2A and B](#F2){ref-type="fig"}, the CB1R agonists decreased ionomycin-induced histamine and β-hexosaminidase secretion. To examine the modulatory effect of the CB1R agonists on IgE-induced mast cell activation, IgE-sensitized RBL-2H3 cells and BMCMC derived from mouse bone marrow were treated with α-OOE, α-OOS, and AEA at a concentration of 10^−5^ M for 12 hr. The degranulation responses in RBL-2H3 cells and BMCMC were evaluated as the release of histamine and β-hexosaminidase into the culture medium. Our results showed that the CB1R agonists significantly reduced the secretion of these inflammatory mediators, suggesting that CB1R plays a crucial role in negatively regulating antigen-dependent IgE-mediated mast cell activation ([Fig. 2C\~E](#F2){ref-type="fig"}).

Inhibition of mast cell proliferation by CB1R agonists
------------------------------------------------------

To investigate the role of the CB1R agonists in the proliferation of RBL-2H3, cells were treated with agonists (0\~100 µM) and the proliferation levels were measured ([Fig. 3](#F3){ref-type="fig"}). The MTT assay and cell counting results revealed that the CB1R agonists clearly led to a concentration- ([Fig. 3A](#F3){ref-type="fig"}) and time-dependent decrease in proliferation levels ([Fig. 3B, C](#F3){ref-type="fig"}). Compared with the controls, cell proliferation levels were significantly decreased by treatment with 25 µM α-OOE, α-OOS, or AEA, exhibiting 43% reduction in the proliferation levels of RBL-2H3 cells after 24 hr. These results indicate that the CB1R agonists modulate RBL-2H3 cell proliferation.

Effect of synthetic CB1R agonists on mast cell infiltration and blood histamine release in oxazolone-induced atopic dermatitis
------------------------------------------------------------------------------------------------------------------------------

In order to elucidate the anti-inflammatory effect of CB1R, we examined the effects of topical application of CB1R agonists on atopic dermatitis induced by repeated challenge with oxazolone in the back skin of hairless mice. The oxazolone challenge resulted in epithelial hyperplasia and an influx of inflammatory cells into the skin ([Fig. 4](#F4){ref-type="fig"}). As shown in [Fig. 4A and B](#F4){ref-type="fig"}, the application of CB1R agonists to the AD lesion significantly decreased skin thickness and suppressed the oxazolone-induced infiltration of mast cells, further confirming the anti-inflammatory effects of the CB1R agonists ([Fig. 4C](#F4){ref-type="fig"}). To further investigate the effects of CB1R on the AD model, we measured the plasma histamine levels. Interestingly, the elevation of blood histamine serum concentrations was significantly inhibited by topical treatment with the CB1R agonists ([Fig. 4D](#F4){ref-type="fig"}).

DISCUSSION
==========

Mast cells are unique inflammatory cells that release various inflammatory mediators in response to innate and adaptive immunity signals[@B11]. The mediators produced by mast cells include arachidonic acid products, serine proteases (tryptase and chymase), various cytokines (e.g. tumor necrosis factor-α, IL-3, granulocyte-macrophage colony-stimulating factor, CXC chemokine ligand 8, and CC chemokine ligand 3), and histamine. Histamine is a well-known neurotransmitter regulating immune responses including cell proliferation, differentiation, hematopoiesis, and wound healing[@B19]. During the inflammatory response, histamine increases capillary permeability acting on vascular smooth muscle cells and endothelial cells to recruit various inflammatory cells such as T cells, eosinophils, macrophages, and mast cells to the allergic region. Little is known regarding endogenous physiological modulators of mast cell activation and histamine release, although there is growing evidence that the endocannabinoid system (ECS) acts as a key modulator of mast cell degranulation[@B12][@B13][@B14][@B15][@B16][@B17][@B18]. CB1R and CB2R are found in all organs; CB1R is expressed primarily in the CNS[@B7], whereas CB2R is mainly localized in the immune system[@B8][@B9]. Interestingly, both CB1R and CB2R are expressed in mast cells and mast cell activation has been shown to be modulated by the ECS[@B16][@B17]. However, the role of cannabinoids and their receptors in mast cell activation and maturation is controversial. Facci et al.[@B13] suggested that PEA effects modulatory activities on mast cells through CB2R, while the Tschirhart group has demonstrated that cannabinoids inhibit the release of histamine through a CB receptor-independent mechanism[@B20][@B21]. In contrast, the CB1R agonist WIN 55,212-2 reduced IgE-antigen-induced β-hexosaminidase release and CP55940 (CB1R/CB2R agonist) or R-(+)-methanandamide (a selective CB1R agonist) suppressed IgE-antigen-induced serotonin release[@B16]. Recently, Sugawara et al.[@B17] claimed that CB1R not only reduces mast cell degranulation but also suppressed the maturation of mast cells from resident progenitor cells *in situ*. These findings indicate that CB1R is essential for mast cell modulation.

To investigate whether CB1R suppresses mast cell function in a dose-dependent manner, we measured the release of histamine and β-hexosaminidase following CB1R agonist treatment. As shown in [Fig. 2](#F2){ref-type="fig"}, histamine and β-hexosaminidase levels were significantly decreased subsequent CB1R activation by various stimuli. Additionally, CB1R activation by the agonists induced the inhibition of mast cell proliferation ([Fig. 3](#F3){ref-type="fig"}). These results suggest that CB1R is implicated in mast cell growth and activation. Recently, it was reported inhibition of CB2R by a selective antagonist (SR144528) suppressed oxazolone-induced AD in mice and reduced the infiltration of leukocytes[@B22]. Our data demonstrate that CB1R activation also attenuated oxazolone-mediated features of atopic dermatitis and reduced the recruitment of mast cells into the skin lesions ([Fig. 4](#F4){ref-type="fig"}). In addition, our findings support the hypothesis of CB1R-mediated inhibition of histamine release in the AD mice model and show that CB1R agonist treatment suppressed the release of histamine into mice blood. Thus, we suggest that CB1R plays an important role in modulating mast cell growth and degranulation and that the modulation of the CB receptor may be useful as a new therapeutic strategy for treating allergic diseases such as atopic dermatitis, rhinitis, and contact dermatitis. However, further studies are required to elucidate whether these reductions of plasma histamine levels were caused by the inhibition of mast cell proliferation or by the attenuation of mast cell degranulation in the allergic region.
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![Newly synthesized cannabinoids and the cAMP assay screening for cannabinoid receptor modulators. (A) The structure of α-oleoyl oleoylamine ethanolamine (α-OOE) and α-oleoyl oleoylamine serinol (α-OOS). (B, C) Synthetic compounds were screened in stable CHO cell lines overexpressing cannabinoid receptor-1 (CB1R) or CB2R. Pre-treatment with CBR agonists significantly diminished the cytosolic levels of cAMP induced by 10 µM forskolin (B). N-arachidonoylethanolamine (AEA) and Hu308 were used as controls for CB1R and CB2R, respectively. All data are presented as the mean±standard error, *t*-test and analysis of variance. ^\*^*p*\<0.01.](ad-28-22-g001){#F1}

![Effects of cannabinoid receptor-1 (CB1R) agonists on the degranulation of rat basophilic leukemia cell line (RBL-2H3) mast cells. (A, B) The inhibitory effects of α-oleoyl oleoylamine ethanolamine (α-OOE), α-oleoyl oleoylamine serinol (α-OOS), and N-arachidonoylethanolamine (AEA) were determined on ionomycin (2 µM)-induced histamine (A) or β-hexosaminidase release (B) from rat mast cells. (C, D) RBL-2H3 cells sensitized with anti-dinitropheno-immunoglobulin E (anti-DNP-IgE) (0.5 µg/ml) for 12 hr were pretreated with the CB1R agonists. Histamine (C) or β-hexosaminidase release (D) from mast cells was measured. (E) Bone marrow derived-cultured mast cells from mouse bone marrow was sensitized with anti-DNP-IgE for 12 hr and histamine release from cells was measured. All data are presented as the mean±standard error, t-test and analysis of variance. NON: non-stimulated, CON: control (stimulated), IgE: Immunoglobulin E, DNP: dinitrophenol, BSA: bovine serum albumin. ^\*^*p*\<0.01 and ^\*\*^*p*\<0.05.](ad-28-22-g002){#F2}

![Inhibition of proliferation of rat basophilic leukemia cell line (RBL-2H3) cells by cannabinoid receptor-1 (CB1R) agonists. RBL-2H3 cells were untreated or treated with the indicated concentrations of CB1R agonists for 24 hr (A) or with 25 µM agonists for the indicated time periods (B). (C) RBL-2H3 cell proliferation was analyzed by counting cell numbers following CB1R agonist treatment for 48 hr. α-OOE: α-oleoyl oleoylamine ethanolamine, α-OOS: α-oleoyl oleoylamine serinol, AEA: N-arachidonoylethanolamine. Significant difference (^\*^*p*\<0.01 in Student\'s *t*-test) as compared with control samples.](ad-28-22-g003){#F3}

![Effects of cannabinoid receptor-1 agonists in oxazolone-induced atopic dermatitis mice models. (A) Histology of dorsal skin lesions. The dorsal skin of each mouse was removed and fixed for toluidine blue staining (×400). Images are representative of five mice. (B) Change of skin fold thickness in oxazolone model. α-oleoyl oleoylamine ethanolamine (α-OOE), α-oleoyl oleoylamine serinol (α-OOS), and N-arachidonoylethanolamine (AEA) treatment prevented the increase of skin fold thickness. (C) Quantitative histomorphometry of the number of mast cells. Mast cells were counted in the toluidine blue-stained slide. (D) Total blood histamine levels in serum. The histamine concentration of each mouse was measured according to a previously described method. Each point represents the mean±standard error. Data are from five to six mice. VEH: vehicle, DEXA: dexamethasone. ^\*^*p*\<0.01, ^\*\*^*p*\<0.05 significantly different from the vehicle group (Student\'s t-test).](ad-28-22-g004){#F4}
